4. The electroweak sector of the Standard Model.
4.1. Gauge group and matter content.

Standard model

"unified” description of weak and
electromagnetic interactions. From the Fermi theory

of weak interactions

with Gp/vV/2 = g2/8M2, we know that we need at least

a charged gauge boson Wx and the photon Aj,.
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Experimentally there also exists neutral currents (neu-
tral massive gauge boson) and coloured strong interac-
tions — gauge group

Gauge bosons : GA A% Bm

G = SU(3)C XSU(Q)L XU(].)Y.

- the Higgs mechanism generates the breaking SU(2) x

U(l)y — U(l)Q.
- Only left-handed quarks/leptons interact with SU(2),

gauge fields. The SM lagrangian has the symbolic form
Lsy = Liin — V(P) + Lvuk
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where

where

1 1
Lyin = _ZFT%LTL — Z(Fﬁm)z + | D ®|?

+V iy DWW, + WRi" Dy Wk

T .Y
DV = (Om — zgaaAm - ZQ/ELBm)WL

Y
DimWg = (am - ZQ/ERBm)WR )

V(®) = —pldid 4 A(dTd)? |

and Lvyk Will be discussed later on. With our conven-

tions

Q = T3+ — . (52)

50



Matter content of the Standard Model:

Leptons : I; .
(4

(Vi> C(L,2)y=—1 , er: (1, y=_s
L

Quarks : q; = <3Z> : (3,2)1/:1/3

uwir © (3, Dy=43  dir * 3, Dy=_5/3

ORE

Higgs field : & = <¢o

)  (1,2)y=1
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Standard Model of

FUNDAMENTAL PARTICLES AND INTERACT

The Standard Model summarizes the current knowledge in Particle Physics. It is the quantum theory that includes the theory of strong interactions (quantum chromodynamics or QCD) and thy
tromagnetic interactions (electroweak). Gravity is included on this chart because it is one of the fundamental interactions even though not part of the “Standard M|

matter constituents
FERMIONS spin = 1/2, 3/2, 5/2, : i
Leptons spin = 172 Quarks spin = 112 "~ Structure within Unified Electroweak 5|
Approx. the Atom 1

Mass  Elec Electric . Name 5
Flavor GaVic: | cherge Flavor Gl\eﬂsﬁz charge Quark GeVlc

Size <1019 m 3
Vo electron | <1510-8 . 4 3 photon
neutrino

€ electron |0.000511 . " Nucleus : w- 804

ize = 10-14 +

Size~10m W 80.4
91.187

muon
M neutrino =0.0002

M muon 0.106 €

cally-charged particles interact by
tau <0.02 \ : ticles interact by exchanging gluo}
Vs neutrino 9 d interactions and hence no color

Al Quarks Confined in Meson:

tom ; One cannot isolate quarks and gl

Size = 10710m hadrons. This confinement (bindj

Spin is the intrinsic angular momentum of particles. Spin is gi units of h vhich is the color-charged constituents. As col

quantum unit of angular momentum, where fi = hi2x = 6.58x10-25 GeV' E If the protons and neutrons in this picture were 10 cm across, gy in the color-force field betweef
then the quarks and electrons would be less than 0.1 mm in

size and the entire atom would be about 10 km across.

T tau 1.7771

Electric charges are given in units of the proton’s charge. In S units the electric charge of 3
the proton is 1.60x1071® coulombs. . i nature: mesons qq and baryons

The energy unit of particle physics s the electronvolt (eV), the energy gained by one elec- . " . Residual Strong In(era(tion
tron in crossing a potential difference of one volt. Masses are given in GeV) s
where 1 GeV = 109 eV = 1.60x10-' joule. The mass of the proton is 0.938 GeV/
7 kg.

viewed as the exchange of mesol

N — PROPERTIES OF THE INTERACTIONS

Baryons are fermionic hadrons. Interaction

There are about 120 types of baryons. Property Gravitational
Fundamental

See Residual Strong

2 Spin Acts on: Mass - Energy Flavor Electric Charge Color Charge Toteraction Note

Symbol  Name Quark glectuc Mass

content  charge  GeV/c

Particles experiencing: All Quarks, Leptons Electrically charged Quarks, Gluons Hadrons
Particles mediating: (anﬁ‘g;:;R - W+ W- Y Gluons Mesons

Strength relatmiedemnw 0% m 1041 0.8 1 25 Not applicable
for two u quarks at:
. - 340-7 m 10-41 104 0 duarks

for two protons in nucleus 10-36 107

60
Not applicable
to hadrons

20

pp—> 7070 + assorted hadrons The Particle Ad

Matter and Antimatter - Visit the award-
For every particle type there is a corresponding antiparticle type, denot- http://ParticleAd
ed by a bar over the particle symbol (unless + or - charge is shown).

Particle and antiparticle have identical mass and spin but opposite This chart has b
charges. Some electrically neutral bosons (e.g., 20, v, and m = cZ, but not

K

are their own antiparticles. @
" w-
Figures e

These diagrams are an artist's conception of physical processes. They are
not exact and have no meaningful scale. Green shaded areas represent

the cloud of gluons or the gluon field, and red lines the quark paths.
9l g uark b Two protons colliding at high energy can

An electron and positron = produce various hadrons plus very high mass
A neutron decays to a proton, an elect (antielectron) colliding at high energy can particles such as Z bosons. Events such as this
and an antineutrino via a virtual (mediating) annihilate to produce B0 and 89 mesons one are rare but can yield vital clues to the
W boson. This s neutron B decay. via a virtual Z boson or a virtual photon, structure of matter.




4.2. Weak mixing angles and gauge boson masses.
With an SO(4) rotation, the Higgs vev can be written

as

0 2 MQ 2
O —= <U> ,Where v :7 2(246 GeV) (eXp.)

V2
(53)
Gauge boson masses arise from
2,2 2
v . v
D — S| Af) — AP + gAY — g/ Bl
2
g*v* (9% + g )v?

YALYA™

= T —wtmw,,
4 m T 8

where the definitions and masses of gauge bosons are
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1 1 (2 v

Wy = \/—5(147(71) :FZA?(n)) , My = %
A(3)_ /B

Zm:g m g Dm | Mzzg\/92_|_g/2
Va2 + g 2
/A(3) B

Ay = 22m +92m , My=0 (54)
Va2 +d

We introduce the electroweak angle

M /
I Y tang, =2 (55)
2 /2 M
\/g +g z g

that rotates from the weak basis to the mass basis

Zm\ __ [COSOy —Sin0Oy Af,(»s)
(Am) o (sin 0w  COS Oy ) <Bm> (56)

54

COS Oy =




Notice that

Mg
M?2 cos? Oy,
The electric charge is e = gsin 6y,.

=1 in the SM (57)

P

4.3. Neutral and charged currents
Ex: With the definitions above, show that

Y

COS Qw

2\/_
We define the currents by

L= Wiy W id-g(Wik T W I 4 Zin JP ) Fe Am JI,
(58)
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Ex : Using the quantum numbers of the quarks/leptons,
show that

va‘|‘ — i

= s + T
B 1 . . . .
T :7§(€@L7mV2+JLL7mUE)7
. 2 1. .
J%:_Ezvmez_l_gaz,ymuz_gcﬁ,ymdz’
m Lol m Lo w2 Noiomi 4 ein2p =im i
Jy = oo |57LY VL—I—(—§+SIH Ow)ery e + sin“ Opepy epn
w
L 2 2) \—im i 22y =i m i
+(§_§Sln Ow)uTy uL—gsm Owupy up

1 1 . . 1 . .
(=5 + 5 8in0u) @y ", + - sin? 0udy " df | (59)
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4.4. Fermion masses and the CKM matrix

Yukawas generate quarks/lepton masses after EWSB :

—Lmass = m;’ uLuR + mZ]dej + mz]eLeR + c.c., (60)

u]dl hudl

Mmatrix notation

where m /v/2. We use for compactness a

—[,mass = ’L_I,LmuuR—FCTLmddR—I—E_iLmZGR-l—C.C. . (61)

Obs: No neutrino masses here, see lectures of B. Kayser.
We can define the mass eigenstate basis (as compared
to the weak eigenstate basis) with the help of the 3 x 3

unitary transformations
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— / —xsd g _ /
ur,R =V rUrL R+ AL,R=VLRALR > €L,R = VL REL.R -

such that

(VEYImUVE = diag (my, me, my) , etc

In the mass basis, the charged and e.m. currents re-
main the same, whereas the hadronic charged current

becomes

1 1 ~
gt — A Ve dy = —=ipy™d
( 17,74 )quarks \/5 LYV VCKMAry, \/5 L7V L
where Vogyr = (VE)TVE is the (unitary) CKM matrix,
1973.
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We also defined

_ , gL Vud Vus Vb dlL
d, =Voxmdy, < |50 = [Vea Ves Va | | 5T
br, Via Vis Vi) \bp

There are therefore flavor changing transitions in the
SM : s - uW™, etc. Experimental measurements give
a hierarchical form of Vg of the type (Wolfenstein

parametrization)

1—%2 A ) AX3(p —in)
)\ _ % AN2 (62)
AN3(1 —p—in) —AX 1

where A =sinf. ~ .0.22 is the Cabibbo angle.
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Cabibbo wrote first in 1962 the 2 x 2 version of the
CKM matrix

—sSinf, cosf,

( sinf. cos 00> (63)

e Vo contain three rotation angles and a CP violat-
ing phase.
The unitarity of the CKM matrix

VitkVie =965 5 ViiVij = 65

has various important consequences. One of them is

the GIM mechanism (Glashow-Iliopoulos-Maiani, 1972).
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The GIM mechanism

The FCNC (flavor changing neutral currents) effects
were measure to be small. This was puzzling in the
1970's, but it is explained in the SM. Consider for ex.

the K9 — KO mixing, which can arise at the loop-level :
V ow V'

dd ds ‘ dd

dS dd L - i P dS
V w V

In the limit of equal or vanishing quark masses, the

vV w V'

ds

dd

Viw oV

amplitude vanishes due to the unitarity of Vog s -
61



4

g
Agogo ~ — 7 (Q_ VigVis) Q_ VssVijg) = 0 (64)
1% i
The main contribution turn out to be proportional to

(m2 —m2)?/M{, and is in excellent agreement with the

experimental result.

HR : In 1972, only the u,d and s quarks were known.
The GIM mechanism is considered to be the first proof
of the existence of the charm quark.

Ex: Write down explicitly the diagrams for the K9 — K0

mixing in the two generation case, with uw and ¢ quarks

in the loop.
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4.5. The custodial symmetry.
(Sikivie,Susskind,Voloshin,Zakharov,1980)

The tree-level relation p = M3, /(M2 cos?6,) =1 is the
result of an (approximate) symmetry.

In any theory of electroweak interactions which con-
serves the electric charge and has an approximate global
SU(2) symmetry under which A% transform as a triplet,
p =1 at tree-level.

Approximate : in the limit of ¢’ = 0 and in the absence

of the Yukawa couplings.
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Proof: The gauge boson mass matrix is then of the
form

M2 0 0 O
0 M2 0 O
0 0 M2 m?2
0] 0 m% mé

(65)

No photon charge — M?m3 —m$ = 0. The W3 — A
mass matrix is then of the form : EXxercice :
2 2 2
M3, + My /M3 — M3, (66)
+ My /M2 — M3, M3 — M3,
It is then easy to check that My, = cosOy M.
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The Higgs potential V(dTd) is invariant under an SO(4)
symmetry. Indeed,
: 4
_ (D1 F+iPs b 2
¢_<¢3+i¢4> , d><b—i;<b —
SO(4) = SU(2);, x SU(2)r symmetry. The Higgs vev

b = (i) breaks SO(4) — SO(3) = SU(2)p
V2

Other Higgs representations ? EXxercice :
Consider Higgs triplets. Show that the Higgs vev gen-
erate the breaking SO(3) — SO(2). In this case there

is no custodial symmetry and p = 1.
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A useful parametrization :

- * Py Py T T
H:(’LTQCD CD): —CD”_‘I_ P , PP =TrH"H

V(dTd) is invariant under H — ULHU]E, with Uy g uni-
tary matrices implementing SU(2); x SU(2)p transfor-
mations. Symmetry breaking

v

I
\/5 2%x2

U(1)y and Yukawas break the custodial symmetry. How-

(H) breaks SU(2);, x SU(2)gr — SU(2)p

ever

br
is invariant under SU(2)p (if hy = hy).

Lyvuk = h (T Br)H (tR>
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A one-loop computation in the SM gives
3g°(mf —mj)  3¢% mp

dp = 5 — In + ...
642 My, 3272 My

where ... are subleading contributions from the SM

(or eventual new physics contributions, see lectures B.

Dobrescu) are smaller than 1073,
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5. QUANTUM CORRECTIONS AND RENOR-
MALIZATION.

5.1. UV divergences and regularization.
Perturbation theory in QFT is plagued with UV diver-
gences. We have to keep an UV cutoff A in computing
physical quantities. There are three cases that arise :
- Super-renormalizable theories : only a finite number
of Feynman diagrams diverge.

- Renormalizable theories : a finite number of ampli-
tudes diverge. Divergences at all orders in pert. theory.
- Non-renormalizable theories : All amplitudes are di-

vergent at a certain order in perturbation theory.
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e In (super)renormalizable theories, UV divergences can
be absorbed into rescaling of fields and redefinitions
of the various couplings and masses. Taking the cou-
plings/masses from experience, the UV cutoff disap-
pears from physical quantities — the theory is predic-
tive at any energy scale.

e In non-renormalizable theories, we need an infinite
number of couplings and masses in order to absorbe
UV divergences. We would need an infinite amount of
experimental data to determine all these couplings —
at high-energies E > A the theory looses its predictive
power. At low-energy the theory is perfectly predictive.
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- 5.2. Relevant, marginal and irrelevant couplings
Consider a scalar theory of the form

m2 ¢2

Spo= [ d* @(aqs)? + 5 4 zw“) . (67)

where S, is the euclidian action defined with a cutoff

A. The couplings A\, have (classical) mass dimensions
[A\n] = 4 — n. Let us consider the theory with two dif-
ferent maximal euclidian momenta/cutoffs:

N0 < p < A

i)0 < p < N = e, wheree<1.

The theory ii) has therefore a lower cutoff.
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It is interpreted as a theory where the high-momenta
of theory i) were integrated out. The theory i) has
the action (67). In the theory ii) the cutoff can be
redefined to be the same as in i) with the help of a

scale transformation

=ecx , p=eclp |, =g (68)

In terms of the rescaled field and coordinates, the action

of theory ii) become

. 4 1 1 ., 2 m/2(¢/)2 AVINAY )
(69)
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where
o 1 5 [ )
me = 5 m° A, = € An (70)

Notice that the new mass and couplings scale with their
classical dimension. We see therefore that the mass
and couplings with positive dimension grow in the IR,
whereas couplings with negative dimension decrease in
the IR. It is said that

A] >0 —  relevant coupling

An] =0 —  marginal coupling

An] <O — irrelevant coupling
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5.3. (Non)renormalizability and couplings dims.
Thereis a straight connection between renormalizability
and the three type of couplings above:

- relevant couplings — super-renormalizability.

- marginal couplings — renormalizability.

- irrelevant couplings — non-renormalizability.

It is easy to argue for this by

Take some simple examples.

a) - Relevant coupling

m2 ¢2

— A3¢> . (71)

The coupling has dimension [A3] = 41, so it is relevant.

_ 1 >
5—2(3@
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At one-loop, the UV divergent terms lead to (Ex:)
SL1 ~ A3N%p + A342 InA

which are both of super-renormalizable type. The first
lead to mass renormalization, whereas the second leads
to a scalar tadpole.

At two loops, the only UV divergences are a cosmo-
logical constant and a scalar tadpole. At three loops,
there is only a log UV divergence in the cosmological
constant. No UV divergences exist at higher loops.

Dim. argument : The highest UV divergent term in
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the coupling is the three-loop vacuum energy
A3InA (72)

Higher loops have higher powers in A3 and cannot con-
tribute to the UV divergent terms in the effective la-
grangian

Obs: 1/m? terms are IR, not UV contributions).

b) - Irrelevant coupling

m2 ¢2

1
L = 5<a¢>2 - — Xe#° . (73)

The coupling has dimension [Ag] = —2, so it is irrele-

vant. At one-loop, the UV divergent terms in the
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eight-point amplitude lead to (Ex:)

8
rg_)loop(pi) ~eAEINA4 -
To cancel this divergence, one has to add a new cou-

pling to the original action
L1 ~ Agg®
and to adjust the coupling Ag such that
As + ¢ AZInA = finite

At two-loops, we get new new UV divergences, like the

one in the six-point amplitude, prop. to

6
"é_)mops(pz-) ~ ¢ (pip)XNEINA
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which can be canceled by adding another coupling
5Ly ~ g ¢*(99)7
such that
A + ¢ M2InA = finite

The UV divergences proliferate at higher loop orders,
generating an infinite tower of operators of higher and
higher dimension.

Dimensional argument: Terms of the type AZ¢#T2" In A,
AZ(0¢)2?¢?™ In A have the correct dimension to be gen-

erate for any n. Predictivity at high-energy is |ost.
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e However, let us define \g ~ 1/M?2. Then :

In the IR FE < M, the effect of non-renormalizable op-
erators on physical quantities is prop. to some power
or E/M and/or m/M, so their effects is negligible.
Effective theories with cutoff A (ex. General relativity,
N = Mp) are predictive at energies £ << A.

Another viewpoint: for Lint = >, A\n¢", leading cross-

section for 2 — 2 particle scattering is
1 E
2 72n—10 2n
o — E cn )\ F N—g cr (—
— E2 4 “’(M)
for \,, ~ 1/M”—4 — predictive power lost for E > M.
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Ex : Coupling renormalization for g/)4 theory.
Consider the ¢* theory

_ 1 > m§ .o Ag,a
5—2(3@ 2¢ 4!¢

and compute the four-point function at one-loop

—i\ 2
[ (k1koksks) = —iXg + % x

d4p ’ ’ + two crossing terms
(2m)* p2 —m3 (p— k1 — k2)2 — m3
After the Wick rotation to euclidian momenta
iNg [ d%p 1 1
2 J (2m)* p2+m3 (p— k1 — k2)2 4+ m3

(k1kok3ks) = —ido +
-+ two crossing terms
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The integral is log divergent in the UV. There are vari-
ous ways to "renormalize” the integral. Here is a simple

way : Define

V(s) = / 1 1
(27T)4 24+ m3 (p— k1 —k2)2+ m3
4
— /2>u (277)4 5 —|—f|n|te

where the energy scale u is arbitrary. We find

37)\0

7'('

In —+f|n|te = —iA(p)+finite

(k1kokzks) = —Z>\o+

What is the physical mterpretatlon of this manipula-

tion?
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i) Apg is not a physical parameter. It can be chosen to
depend on A such that

325 A
M) = Xo(A) = 75 In—

T W
is independent of A.

i) Any value of u leads to the same physical result. Ag

is independent of u? Therefore

dx  3)?

dlnu 1672 = A (74)

describes the renormalization group equation (RGE) of

A at one-loop. (74) is then a differential eq., whose

solution is
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A(10)

_ 3A Q) |y M
1 1672 In j226)

There is an equivalent prescription : add a local " coun-

A(p) = A(po) +

terterm” to the lagrangian

L+ 6L = Lg,

which cancels the UV divergence.

In renormalizable theories, a finite number of countert-
erms are needed in order to render the theory UV fi-
nite. In non-renormalizable theories, an infinite number

of counterterms are needed.
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5.4. Quantum anomalies*™

Symmetries of the classical action can have anomalies
at the quantum level. They are generate by one-loop
triangle diagrams.

- For global symmetries, this does not creates problems.
Ex: 70 — ~~ is related to the axial U(1)4 anomaly.

- For gauge symmetries, if present, they generate in-

consistencies.
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The corresponding currents are of chiral type

JfréL = Voymys T W = WpynTWgr — WpymT WV
The resulting gauge anomaly that has to vanish is
AMBC = o (1A, TPy, — o {T4,TP}1% R = 0,

where the trace is taken over all the fermions. For
the SM, the only possible anomalies are (To check:)
SU(2)2U(1)y, U(1)3 and SU(3)2U(1)y. The results
in the SM are
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- ra b 1 1
tr [{—,—=}Y]; = =6%@rY); =3x (Nex ——1)=0,
r {5 5 ST YL (Ne 3 )

tr :{Y,Y}Y]L_R —_— = 6(—2Nc —l— 6) =0

A N\B 1 _ap
tr {?7 7}Y]L—R — 55 (trY)p—p=--=0

e Anomaly cancelation happens precisely for three col-
ors Ne =3 |

e Anomaly cancelation provides a deep connection be-
tween quarks and leptons in the SM, maybe a hint to-

wards Grand Unified Theories 7 ( Bogdan lectures ?)
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6. The Higgs / Symmetry breaking sector of the
Standard Model.
6.1.1 Perturbativity bounds

The RGE for the Higgs self-coupling in the SM is

1672 dA
dln u

3
+§(9’4 +29°g'* 4+ 3¢g%) —6h7 + -+,

= 24)\% — (3¢/° + 3¢g° — 12h7) A

where ... denote smaller Yukawas. In the large Higgs
mass limit A >> g2 h?, it reduces to

d\ 3 I1n 1 1 n 3 n N\

_— = — — = — .

2 o2 R TN T AN 22
This can be interpreted in two alternative ways :
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i) If the Higgs mass is known, SM has a Landau pole

(non-pert. regime) A(A) >> 1 for

4#202
212 32
N = ve3x = ve h

ii) Conversely, asking for perturbativity up to scale A
(say Mgyr), we obtain an upper bound on the Higgs
mass

Ar2y2

3InA
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6.1.2 Stability bounds

SM has another instability in the small Higgs mass limit,
since X\ can become negative at high-energy.
If A\ << h?, the leading RGE's are

d\ dh oh3
1672 = —6h}, 1672——- = Tt
dinu dinu 2
which integrates to
3RF(A) | L A
AG) = AQ) 4B
" 14 My A
1672 %

hi
9hZ(N)

A.
1+ 1672 Inﬂ

he(p) =
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This can be interpreted in two ways :

i) For a fixed, known value of the Higgs mass : take
u = v. Then, new physics should show up before the
scale A where A(A) =0

2a72

) Z D
AN < ved = peduv

ii) For a fixed A\, we get a lower bound on the Higgs

Mass

3htv? A 3m¢ A
5 In— = 5 2In—
(Y mT=v v

2
Mj = 471
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These theoretical Higgs mass limits are summarized in

the following plot

—— Perturbativity bound

I Stability bound

[ 1 Finite-T metastability bound
[ Zero-T metastability bound

Shown are 1g ermor bands, wio theoretical emmors

LEP exclusion
at=05% CL

Iogm(A 1 GeY)

90



- 6.2. W W scattering and unitarity.
Let us consider the longitudinal WyW; — W;W scat-

tering

(@) (b)
TET e
(c)
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For a massive gauge particle of momentum k£ and mass
Myy, Am = em €%, the three polarizations satisfy
eme™ = —1, ke = 0. For kK" = (F,0,0,k), they are

transverse : €' =1(0,1,0,0) , €3*=(0,0,1 O)
k k™
longitudinal : 7' = (——,0,0 —) ~ —+O(—) :
My~ My M Myy

Since the longitudinal polarization is proportional to the
energy, we expect a tree-level amplitude behaving as

A= AW + AP —)? +
Myy

Actually, the diagrams a),b) and c) give A = g?(;~ )2
On the other hand, unitarity constrains the amplltude

to stay small enough at any energy.
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Start with the unitarity of the S-matrix STS = 1. Then
S=14i4 — iA-AD4+ATA=0

Let us sandwich this eq. between a two-particle state

i >

i(A— AN +3 A2 =0 (75)
f

which is the optical theorem : the imaginary part of the
forward amplitude of the process ¢+ — ¢ is proportional
to the total cross section of 1 — anything.

Let us decompose the scattering amplitude into partial

Wwaves
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A = ) (2l+1) B(cosb)ay ,
=0

where a; are partial wave amplitudes of elastic scatter-
ing of two particles. Projecting (75) into the partial

wave | gives Im a;=|q]?. This is only possible if
Re qj] <1/2,0<Imaq<1 — |g?°<5/4,

which is the unitarity bound we were searching for.
e For the SM without the Higgs boson

g2E2
M,

ag — unitarity breaks down fory/s ~ 1.2 TeV
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With the Higgs boson, amplitudes d),e) cancel the rais-
ing energy term, such that

_ 9°Mg
- 4AMZE,
By considering other channels, one get the stronger
bound My < 800GeV.

Intepretation :

- If LHC finds no Higgs with a mass My < 800GeV,

aQ — unitarity breaks down unless My < 1.27TeV

unitarity of S-matrix will be violated ! New light degrees
of freedom should exist in order to restore unitarity —

the no-loose "theorem”™ for LHC.
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Most theories have a biased towards a light Higgs, since

it provides a better fit for the SM precision tests.

o 10 l B el o
L -
5 ; ﬁ r (3 | <1
9 3 i/ Eeral,
5 £ .
8 & 3
5 :
T 5 f_‘ll'; F _:
E i E I'*:'. . _:
- 1 "l. E
5 : ﬂ _..‘* . =
3 - a2y
& ) E
3 . Theary uncertainty __
) —— Fil including theory errors —
---- Fit excluding theory errors -
1E 3 = Ta
0 ' o 3
150 200 250
M, [GeV]
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Status as of March 2011 , GO nee leval
85% confidence level

Exciuded by Excludad by Excluded by
LEP Exparirneris Tovalron Indirect Measurements
E

85% confidonco faval XOHTIOnts 85% confidonca level

100 114 120 140 157 173 180185 200 Gev/c®

Latest news (" Lepton-Photon”, august 2011): Both
ATLAS+CMS exclude the SM Higgs at 95 % CL for
145 < My <446 GeV except 288 — 296 GeV

M. Peskin (LP2011) " There is therefore strong evi-
dence that either :

- Higgs is light, compatible with electroweak precision
tests and theoretical prejudice, or

- the Higgs boson is very heavy and strongly self-coupled” .
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